Abstract-A two-component micropillar system has been developed for use in flow characterization and control applications. It is shown that the piezoresistive elements in a conventional pressure sensing die can be used to measure moments directly applied to the die with reasonable sensitivity. The concept is then demonstrated by bonding a small, rigid pillar to the centre of a commercially-available, off-the-shelf doped silicon pressure sensing membrane with integrated piezoresistive bridge elements. The signal response of the system is then calibrated against aerodynamic loading, and a typical sensitivity of 70 mV/µNm is demonstrated. The functionality of the micropillars in flow control applications is verified by recessing the pillar below a flat surface on which a model boundary layer is developed. By processing the signals through the membrane bridge-arms independently, directionally-resolved forces may also be obtained.
I. INTRODUCTION
T HE accurate measurement of aerodynamic wall friction is critically important in the experimental characterization of wall-bounded turbulence, as it is one of the fundamental scaling parameters. It is also, possibly, one of the most difficult quantities to measure in these flows: the values are small, timedependent, two-dimensional and spatially-varying [1] , [2] , and the ability to resolve shear fields in both space and time is becoming increasingly important [3] . Wall friction is typically expressed in the form of a wall shear velocity u τ = (τ/ρ) 1/2 (where τ is the dimensional wall shear stress and ρ is the fluid density). Commonly, time-averaged values of u τ are inferred from the mean velocity profiles near the wall, using (for example) Preston tubes [4] or pulsed-wires [5] ). The velocity profile is then used to infer wall shear by employing wellaccepted empirical look-up tables [6] , [7] . For the particular case of turbulent boundary layers, this technique requires certain assumptions about the scaling of these flows. Because these assumptions are now under investigation and are being questioned [8] , [9] , alternative, direct techniques for measuring wall shear are needed.
Micropillars are an attractive technology for the measurement of wall shear. These devices consist of small, high aspect ratio columns which protrude into the flow, remaining within the universal logarithmic region or even the viscous sublayer of a turbulent boundary layer (which will typically be less than 100 μm thick in laboratory applications). The deflection of the micropillar is then a unique function of the near-wall fluid velocity profile and the mechanical properties of the pillar itself. Because the relationship between the velocity profile and wall shear is known, the wall shear can be obtained from the pillar deflection by empirical calibration, or even derived analytically if the velocity profile is assumed to be universal. The pillar deflections can be measured either optically [10] - [12] , requiring high-speed cameras, light sources and additional instrumentation mounted outside of the flow facility, or by using strain sensors integrated into the pillars themselves [13] , [14] . For flow control purposes, the latter remains preferable.
There have been significant recent advancements in the repeatable fabrication of these micropillar structures from soft materials [15] , [16] , which offer improved sensitivity and robustness compared to MEMS devices [17] . Nevertheless, the fabrication of these micropillars remains resourceintensive, and the cost of production precludes the fabrication of very-large, performance-consistent arrays which are needed for spatial characterizations and the mapping of large, nearwall turbulence structures known to be strongly associated with friction drag (see [18] ). Similarly, any practical boundary layer control efforts would require arrays of sensors with spacing sufficiently small to resolve the near-wall structures (typically 100 wall units) and an area coverage of the same order as the integral length scale.
To address this problem, a micropillar system has been developed using a re-purposed, commercially-available miniature doped silicon pressure sensing die with embedded piezoresistive strain sensors. Off-the-shelf, mass-market sensors are attractive for this application as they are inexpensive, mature technologies.
II. MODELING THE EFFECT OF A MICROPILLAR ON
A CONVENTIONAL PIEZORESISTIVE BRIDGE MEMBRANE Using a piezoresistive pressure die as a micropillar sensor will result in off-design loads and strains. The response of a 1558-1748 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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typical die (and its sensing elements) to this loading condition must therefore first be assessed by comparing the magnitude and sense of the resultant surface strains to those encountered in on-design loading conditions.
A. Response of a Die Diaphragm to an Applied Pressure
Consider a typical square pressure sensing die. A nominally square area in the centre of the die (having edge length a) is typically etched away from one face to leave a thin membrane of silicon which will deform measurably under the application of pressure. If it is assumed that the membrane thickness h a, the applied pressure P is uniform and constant, the material is homogeneous and isotropic and the deformations are small relative to a, then the out-of-plane displacement profile w(x, y) of the membrane is given by the thin-plate equation,
where x and y are the Cartesian coordinates in the plane of the membrane, and D is the bending stiffness of the membrane, such that
where E is the elastic modulus of the material and ν is the Poisson ratio. For a square diaphragm subject to Cauchy boundary conditions, the solution to eq. (1) is known to be given by eq. (3) shown at the bottom of this page, where j = 1, 3, 5, . . . and the substitutions α j = j π/2, α x = j π x/a and α y = j π y/a have been made for convenience. The constants A j are defined by the solution to the system
where the index i = 1, 3, 5, . . .; the plane stresses σ x and σ y on the surface of the membrane may then be obtained from w(x, y) as
with the maxima occurring near the boundaries. Pressure sensing dies are typically designed to respond to the strain (or, equivalently, σ x or σ y ) around the edges of the membrane, where the maximum stress is expected to be encountered. This is usually done through the use of a Wheatstone bridge of strain-sensitive resistances (see Figure 1) . Knowing the full-scale range of the sensing die, then, eqs. (3) and (5) can be used to approximate the dimensional range of sensitivity of the resistances, noting that both σ x and σ y are independent of D, while a (and, to a lesser extent, h), can be readily measured. Conveniently, Timoshenko [19] showed that the maxima of the solution to eqs. (3) and (5) can be reasonably-well approximated by
B. Response of a Die Diaphragm to an Applied Moment
Next, consider the case of a pressure sensing die with a square cylinder of side length d and height l attached to its surface at the centre, as illustrated in figure 2 (note that a square cylinder is being considered simply for the purposes of mathematical convenience.) If a force is applied to the cylinder normal to its axis, the die will be subjected to an applied shear force and bending moment. If the effects of the shear are assumed to be negligible (see [19] ), the moment caused by the pillar can be approximated by an equivalent distributed, zero-mean linear load over the area
For simplicity, if it is assumed that a total moment M about the y-axis is distributed uniformly within [20] , and micrographs of the piezoresistive elements on the die used.
, then an analytical solution for w(x, y) exists as eq. (7) shown at the bottom of the previous page, where k = 2, 4, 6, . . ., and the substitution
has been made for convenience. Again, the coefficients B k and C j may be obtained from the solution of the coupled system
with the index i = 1, 3, 5, . . . and
with the index i = 2, 4, 6, . . .; again, the stresses in the surface of the die are given by substituting the solution to eq. (7) into eq. (5). This analytical result was validated against a finite-element numerical solution for a square sensing die having h/a ∼ 7.5× 10 −3 (similar to the die tested, and shown in figure 1 ), under the same assumptions and loading conditions. The differences between the numerical solutions and the analytical one are small (see table I) .
Using this solution, the maximum rectified stresses along the edge of the die at x = ±a/2, y = 0 (where the sensing element is expected to be located) can be reasonably-well approximated by the expression
which is notably independent of d. If M is selected such that the total rectified force acting on the die is Pa 2 , then eq. (11) becomes
Comparing eqs. (6) and (12), for equivalent applied loads, the sensitivity of a pressure-sensitive die to direct applied moments by means of a micropillar is expected to vary approximately with (d/a) 2 . On the other hand, if the same pressure P is applied to one side of the pillar, eq. (12) becomes
Since σ ∝ (l/ h) 2 , d/a was assumed to be of O (1) and l/ h is expected to be of O(10) at least, the application of the pillar is expected to enable the sensing die to be sensitive to much smaller applied pressures. Figures 3 and 4 show the isocontours of normalized deflection
and normalized stress along the x-axis
for a typical die with h/a = 5.6×10 −3 and d/a = 0.22. Figure 3 shows the case of an applied uniform pressure P, and figure 4 shows the case of an applied moment. For comparison, equal maximum surface pressures were applied in both cases; this results in significantly lower loads in the case of the pillar, so the the contour levels have been scaled differently. The distribution of horizontal stresses at the boundaries (where the strain sensors are situated) are fairly similar in the two cases, with concentrations at x = ±a/2, y = 0; however, for the case of the applied moment, the sense of σ x is reversed for x < 0.
This solution was developed under two important assumptions: (a) that the moment is acting about the one of the die axes, and (b) that the moment is distributed evenly across that axis. The former is not a strong constraint: because the sensing die is square, the solution cannot be axisymmetric. However, analytical solutions are available along the x and y axes, and approximate solutions at intermediate angles could be obtained by superposition. The second assumption is more constraining, in that the solution approximates a square pillar of side length d with a rectangular one of dimensions d ×a (in order to enable the solution to converge). The error introduced by this assumption becomes small as d → a. The largest error, at d → 0, was calculated by numerical simulation and found to be at most a factor of 2.15. This limits the applicability of the analytical solution obtained, but does not affect the order-of-magnitude analysis or the relationships between the parameters.
C. Measuring Moments With a Piezoresistive Bridge
With elements positioned at the centres of the four sides of the sensing diaphragm all aligned in the same direction (see figure 1), the normalized resistance change will be proportional to the plane stress, with positive coefficients of proportionality for R 1 and R 3 , and negative coefficients for R 2 and R 4 (as illustrated in figure 5 ). For maximum sensitivity, pressure sensors are typically designed such that under an applied pressure R 1 = R 2 = R 3 = R 4 to within manufacturing tolerance. Then, the voltage measured across the bridge V AB will be given by
where V E is the voltage supplied at the top of the bridge. For piezoresistive sensing elements in the configuration shown in figure 1 , the change in resistance is proportional to the strains, as
where K x and K y are the constants of proportionality, and σ x and σ y can be taken as the maximum stress approximated by eq. (6) for a well-designed sensor. For the case of an applied moment, though, the stress field is not uniform along the edges. If, for example, a moment is applied about the yaxis in figure 5 , then R 2 = − R 4 = R, and R 1 = R 3 = R . Then, assuming R R and R R, 
Substituting eq. (17) then yields
When subjected to a moment rather than a pressure, the die will be more sensitive to surface stress. However, with a single output it is impossible to determine the direction; the signal V AB would be the same, for example, whether the moment is applied about the x-axis or the y-axis.
To resove directions, the voltages at the bridge sides (V A and V B ) may be measured separately relative to ground. Under the same assumptions, then, this would yield two independent measures of surface stress. Then, in the same case of an applied moment about the y-axis,
noting again that the stress can be approximated using eq. (12) with eq. (18) . Under an applied moment about the x-axis, the values for V A and V B will be exchanged, and for other angles, a blending function could be used to interpolate empirically. Although the change in V A and V B under applied moments will be small, they will be sensitive not only to the magnitude of the applied moment, but to both the axis and sense as well.
III. EXPERIMENTAL DEMONSTRATION
To verify the use of off-the-shelf pressure dies to sense micropillar deflection, a small number of demonstration units were constructed and tested.
Cylindrical pillars were fabricated from natural bamboo fibre. Individual fibres were separated and sorted by size, and then selected and rolled to achieve an approximately cylindrical form with diameter d ∼ 0.5 mm. One end face of the fibre was then polished using a fine abrasive. The polished face of the fibre was bonded to the centre of the surface of a pressure sensing die using a bead of epoxy adhesive of approximately the same diameter as the pillar. The adhesive bead was applied, and the pillar positioned and held during the curing process, using a precision three-axis microtraversing stage. The fibre was then trimmed to the desired length l ∼ 8 mm. Microphotography images suggested that the surface roughness tolerance on the processed fibres was approximately ±20 μm.
Honeywell PCE-series silicon membrane-type piezoresistive sensing dies were used, having a reported full-scale pressure sensing range of 3.5 kPa, and a nominal bridge resistance R ∼ 5 k . The gold contact pads on the sensing dies were reflow-soldered onto an etched FR4 PCB substrate, to secure them in place and provide solder contacts for the signal wires. Vent gaps were deliberately left between the sensing die and the substrate, in order to minimize deflection of the die in response to changes in ambient pressure.
A miniature bridge amplifier circuit featuring two-stage gain and second-order active filtering was developed for this work with particular attention given to attaining the lowest possible noise output. The bridge was powered by a constant voltage supply of 3.0 V with an output voltage noise of less than 6.5 μV RMS. A gain was first applied to the differential voltage across the bridge (V B −V A on figure 5 ) using an INA188 precision instrumentation amplifier, having RFI-filtered inputs and an input noise of only 12 nV/ √ Hz at 1 kHz and 0.25 μV peak-to-peak between 0.1 and 10 Hz (specified at gain factor of 100). The output from the instrumentation amplifier was then sent to an active, buffered second-order Butterworth lowpass filter with gain. The passives required for setting the gain and filter parameters were soldered directly onto the printed circuit board to minimize errors from changes in contact resistance and stray capacitance. The overall gain value, which was typically on the order of several hundred, was selected and fixed to maintain a −5V to 5V output without clipping. The analog output signal was then digitized using an 18-bit data acquisition system with a digital resolution of 38 μV.
When required, Individual bridge-side voltages V A and V B were obtained relative to the bridge ground using a separate, high-precision component analyzer. In all cases, signals were periodically corrected for any drift by re-zeroing.
The micropillar sensor assemblies were fixed to a wallmounted turntable in the test section of a 0.6 m × 1 m wind tunnel facility (see figure 6 ), such that the pillars were located on the axis of rotation. The pillars were mounted above the tunnel wall boundary layer, and an ∼80 mm × 80 mm endplate was used to isolate the effects of the supports and cables. The pillars could also be recessed below the surface of the end-plate in order to reduce the exposed height, with the gap between the pillar and the hole through which it protruded minimized. Care was taken during testing to ensure that the ambient temperature and lighting remained constant, as both affected the sensor signals. The moment applied to the sensing die by exposing the attached pillar to the flow was estimated by approximating the pillar as a high aspect ratio circular cylinder, and using an accepted empirical relationship between the total aerodynamic drag and Reynolds number Re = Ud/ν, where ν is the kinematic viscosity [21] . (11) and (19) . As expected, the sensitivity is unaffected by the sense of the moment. The offsets in the signals are likely the result of a misalignment between the die axes and the tunnel axes. Figure 8 shows the response of V AB to changes in the flow incidence angle under an applied moment M = 0.69 μNm over the range 0 • ≤ θ ≤ 360 • . The response is nearly sinusoidal, although with significant distortions around θ ∼ 0 • and θ ∼ 180 • . These distortions are likely the result of the alignment of the axis of the bending moment with one of the pairs of resistance elements: on the axis, there is likely to be some higher stresses developed at the edge of the membrane as a result of the boundary condition (see figure 4) . Some of the irregularity in the behaviour is the result of the poor manufacturing tolerance of the cylinder itself.
A. Bridge Response to Applied Moments

B. Characterization of Boundary Layers Using Micropillars
The purpose of the micropillar is to enable the direct measurement of wall shear in turbulent boundary layers, subject to empirical calibration. However, the measurement of wall shear produced by canonical turbulent boundary layers tends to be very uncertain, and no convenient calibration standard was available. Instead, a laminar boundary layer is used here in order to calibrate the pillar system, as it may be taken as an approximation of the viscous sublayer of a turbulent boundary layer. The existence of an analytical solution for laminar boundary layers allows the estimation of u τ from U with reasonable confidence.
A laminar boundary layer was developed over the end-plate (see figure 6 ) at Reynolds numbers Re x = U x/ν (where x is the upstream development length) selected such that 4.7 × 10 3 < Re x < 2.4 × 10 4 , well below the critical Reynolds number for transition. For laminar boundary layers, an exact solution for the velocity profile u(y) exists, yielding a boundary layer thickness δ of
For the range of U and Re x tested, this resulted in boundary layer thicknesses of 1.3 < δ < 2 mm (broadly equivalent to the thickness of sublayer under a turbulent boundary layer having Re x ∼ 10 6 and U = 4 m/s). Exposed pillar heights of ∼1 mm and ∼1.3 mm were therefore used, resulting in 1 l/δ 2. The pillar diameter d was also reduced to ∼400 μm, to reduce three-dimensional effects.
With u(y) and l known, The moment applied on the pillar may be approximated as
where the sensing element is recessed a distance l 0 below y = 0, and C D is again empirical. Figure 9 (a) shows the signal V AB obtained from the two pillars. The results agree well with those predicted by eqs. (22) and (11), subject to an arbitrary (but identical) gain and offset. For lower Re, the pillars were not sensitive to the flow; this is likely the result of residual strain in the pillar assembly incurred when recessed below the surface. The data can equally be rescaled to show the calibration against τ , given that
for the case of a laminar boundary layer. Figure 9 (b) shows the same data, and the results appear to collapse well onto eq. (23), again subject to an arbitrary (but consistent) rescaling.
C. Directionally-Resolved Measurements
To demonstrate that the system may be used to resolve the directionality of the applied moment, the signals V A and V B were sampled independently as a function of the orientation of the axis of the applied moment, with M = 0.69 μNm. Although small, the signals show a clear, independent behaviour and therefore allow the direction to be inferred (see figure 10 ; note that the signals have been arbitrarily offset for clarity). The dashed lines on the plot show the arbitrarilyscaled values predicted by eqs. (17) and (11), assuming a sinusoidal variation in σ with θ as an approximation based on the solution of eq. (7). The agreement is reasonable, considering the weakness of the assumptions required (including the shape of the function σ (θ) in particular). Nevertheless, an empirical calibration will be required.
Using the calibration data shown in figure (10), it was possible to return the angle of an unknown applied moment to within 1 • 50% of the time, and to within an average of 3 • over all tests.
IV. DISCUSSION Commercially available, mass-manufactured pressure sensing dies offer an attractive alternative for the fabrication of sensor-embedded micropillars for use in the characterization of wall-bounded turbulent flows. Although the membrane geometry and the configuration of the strain sensors on the die were driven by the requirement for sensitivity to deflection under a uniform applied pressure, the strain fields caused by the deflection of a pillar bonded to the membrane centre can still generate signals sensitive to the applied moment. The strains along the edges of the membrane-where the sensing elements are expected to be positioned-will also be nearly linearly proportional to the applied moments.
The concept was first validated by means of testing a pressure sensing die fitted with a pillar by applying loads to the pillar using aerodynamic drag (as the ability to repeatably apply moments with a resolution as low as 10 −8 Nm was required). The sensor responded linearly to the applied moments, with sensitivities of ∼0.07 V/μNm in bridge configuration, using an amplifier with a gain of 40. The system also responded to the sense of the applied moment. The ability of the pillars to characterize a boundary layer was also confirmed using a laminar boundary layer to approximate the viscous sublayer of a turbulent boundary layer. Although it is acknowledged that this is a very weak approximation, for the purposes of validating the calibration of the system in nearwall flows, it is sufficient. The sensor exhibited a minimum sensitivity, attributed to residual strains incurred in the process of installation. Once calibrated, the pillars were successfully able to return the dimensional wall shear. [11] When used in bridge configuration for maximum sensitivity, however, the sensor returned only a single measurement. Consequently, it was impossible to resolve directionality of the applied moment. Sensitivity to directionality was achieved, however, by measuring the signal at the two sides of the bridge independently.
This embedded-sensor micropillar system offers sufficient sensitivity for use in wall shear measurement in the laboratory environment, for either boundary layer characterization or control. The sensitivity and range of the system compares well against well-validated, mature optical micropillar technology (see Table II ). By re-purposing a mass-market pressure sensing die, the unit-to-unit variability in the sensor characteristics and the unit cost are sufficiently low to enable the fabrication of very-large arrays.
V. CONCLUSION A novel technique for producing strain-sensitive micropillars has been proposed. It has been shown that if a micropillar is bonded to a membrane, the strain field in the membrane resulting from forces applied to the pillar will be detectable by the strain sensors etched onto typical, commercially-available pressure sensing dies. Pillars with lengths ranging between 1 mm and 8 mm were produced. The pillars were shown to be sensitive to both the magnitude and direction of the applied loads depending on the signals sampled, and their use in the measurement of wall shear has been demonstrated.
